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Angiotensin-converting enzyme inhibitor captopril prevents activation-induced

apoptosis by interfering with T cell activation signals
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SUMMARY

Captopril is an orally active inhibitor of angiotensin-converting enzyme (ACE) which is widely used as

an anti-hypertensive agent. In addition to its ability to reduce blood pressure, captopril has a number of

other biological activities. Recently the drug was shown to inhibit Fas-induced apoptosis in human

activated peripheral T cells and human lung epithelial cells. In this study, we investigated whether

captopril blocks activation-induced apoptosis in murine T cell hybridomas, and found that captopril

inhibited IL-2 synthesis and apoptotic cell death upon activation with anti-CD3 antibody. In addition,

captopril inhibited an inducible caspase-3-like activity during activation-induced apoptosis. On the other

hand, captopril did not interfere with Fas signalling, since anti-Fas antibody-induced apoptosis in Fas1

Jurkat cells was unaffected by the drug. Furthermore, we examined whether captopril blocks activation-

induced apoptosis by interfering with expression of Fas, Fas ligand (FasL), or both on T cell hybridomas.

FasL expression on activated T cells was significantly inhibited by captopril, whereas up-expression of

Fas was partially inhibited, as assessed by cell surface staining. Taking all data together, we conclude

that captopril prevents activation-induced apoptosis in T cell hybridomas by interfering with T cell

activation signals. Captopril has been reported to induce systemic lupus erythematosus syndrome, and

our findings may be useful for elucidating the mechanism of captopril-induced autoimmunity.
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INTRODUCTION

Angiotensin-converting enzyme (ACE) inhibitors are widely

utilized in the treatment of systemic hypertension and congestive

heart failure. Captopril (D-3-mercapto-2-methyl-propionyl-L-

proline) [1,2], among them, is the most extensively used compound.

Like all other ACE inhibitors, captopril blocks conversion of

angiotensin I to the potent vasoconstrictor angiotensin II and

inactivates simultaneously the vasodilator peptide bradykinin.

Besides its blood pressure-lowering properties, captopril has

various immunomodulatory functions. The drug exhibits bene-

ficial effects on rheumatoid arthritis [3,4] and prevention of

complications in insulin-dependent diabetes mellitus [5]. Addi-

tionally, captopril successfully inhibits inflammation in schisto-

somiasis [6], experimental lupus diseases [7], or experimental

autoimmune encephalomyelitis (EAE) [8]. Some ACE inhibitors

including captopril are capable of suppressing the production of

monocytes/macrophage-derived proinflammatory cytokines such

as tumour necrosis factor (TNF), IL-1, IL-6, and IL-12 [9±11].

These immunomodulatory actions of captopril have been

explained by several mechanisms, including anti-proliferation

[12±15], anti-oxidant activity [16±18], inhibition of metallopro-

teases [19,20], and elevation of prostaglandin [21±23]. Some of

these properties may be related to the presence of thiol groups in

its structure and are independent of its effect on the renin

angiotensin system [24,25].

As captopril has recently been found to inhibit Fas-induced

apoptosis in human activated T cells [26] and lung epithelial cells

[27], we investigated whether captopril also blocks activation-

induced apoptosis in T cells. We examined this in murine T cell

hybridomas, since these cells have been widely used for the study

of the mechanisms of activation-induced apoptosis [28±30]. T cell

hybridomas undergo apoptosis upon activation with a high

density of immobilized anti-TCR/CD3 antibodies. We found that

captopril prevented IL-2 synthesis and apoptotic cell death upon

activation with anti-CD3 antibody. Activation of murine T cell

hybridomas through TCR/CD3 cross-linking leads to expression

of Fas (CD95) and its ligand (FasL) that subsequently interact,

resulting in apoptotic cell death [31±33]. Therefore, we further

examined whether captopril prevents cell death by interfering with

expression of Fas, FasL, or both on T cell hybridomas, as assessed

by cell surface staining. We observed that the induction of FasL

expression by activation with anti-CD3 antibody is significantly

inhibited in the presence of captopril. Cell surface Fas levels were
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consistently lower on T cells activated with anti-CD3 antibody in

the presence of captopril than on activated T cells. In contrast to

previous studies [26,27], captopril did not influence Fas-induced

apoptosis in Fas1 Jurkat cells. These results suggest that captopril

inhibits activation-induced expression of Fas and FasL on T cell

hybridomas and therefore may block activation-induced apoptotic

cell death by inhibiting Fas±FasL interaction. Taking these facts

together, we conclude that captopril inhibits activation-induced

apoptosis in T cell hybridomas by interfering with T cell

activation signals.

MATERIALS AND METHODS

Reagents and antibodies

Captopril, N-succinyl-L-proline and lisinopril were purchased

from Sigma Chemical Co. (St Louis, MO). These reagents were

dissolved in PBS, with pH adjusted to 7´4 and used for the

experiments. Anti-mouse Fas antibody (Jo-2, hamster IgG) was

purchased from PharMingen (San Diego, CA). Anti-mouse FasL

MoAb, MFL1, was kindly donated by Dr H. Yagita (Juntendo

University, Tokyo, Japan). Anti-human Fas antibody (CH-11) was

obtained from Medical Biological Laboratories (Nagoya, Japan).

Hamster anti-mouse CD31 MoAb (145-2C11) was purified from

ascites fluid by protein A-affinity chromatography. Twenty-four-

well plates or 96-well plates were coated with purified anti-CD3

antibody as descried previously [30].

Cells

Murine T cell hybridoma N3-6-71 was described previously [30].

Jurkat T cells or N3-6-71 cells were maintained in RPMI 1640

medium (Gibco, Grand Island, NY) supplemented with 10% heat-

inactivated fetal calf serum (FCS; Hyclone Labs, Logan, UT),

5 � 1025 m 2-mercaptoethanol (2-ME), 1 mm sodium pyruvate,

2 mm l-glutamine, 100 U/ml penicillin and 100 mg/ml strepto-

mycin. In the experiments for evaluation of the effects of ACE

inhibitors on T cells, the concentration of FCS was reduced to 1%

since FCS contains large amounts of ACE and may interfere with

these inhibitor activities.

Determination of cell proliferation

N3-6-71 cells (2 � 104) were incubated in control uncoated 96-

well plates or in anti-CD31 (5 mg/well) antibody-coated 96-well

plates in the presence or absence of captopril for 24 h, followed by

a 2-h pulse with 1 mCi of methyl-3H-thymidine (ICN, Costa

Mesa, CA). The cells were then harvested on glass-filter paper,

and uptake of 3H-thymidine was quantified by liquid scintillation

counting.

Trypan blue dye exclusion assay

N3-6-71 cells were seeded into control uncoated 24-well plates or

into anti-CD3 (5 mg/well)-coated 24-well plates at a density of

5 � 105 cells/ml. Captopril, N-succinyl-l-proline, or lisinopril

was added immediately in appropriate concentrations to the assay

plates. After 50 m l of culture supernatant were removed for the

measurement of IL-2 at 24 h of culture, the cells were harvested

by vigorous pipetting and cell viability was determined by trypan

blue dye exclusion.

Quantification of DNA fragmentation

Quantification of DNA fragmentation was determined as des-

cribed by Chow et al. and Matzinger [34,35]. N3-6-71 cells

(5 � 105 cells/ml) were labelled with 2 mCi/ml of methyl-3H-

thymidine at 378C for 6 h. After being washed three times, they

were cultured in uncoated 24-well plates or in anti-CD3-coated

24-well plates (5 � 104 cells/well), in the presence or absence of

indicated concentrations of captopril. After 24 h of culture at

378C, the cells were lysed by addition of lysis buffer (5 mm Tris±

HCl, 20 mm EDTA, 0´5% Triton X-100, pH 8´0) and harvested

onto fibreglass filters (PHD cell harvester; Cambridge Technol-

ogy, Cambridge, MA). Intact chromatin adheres to the filters, but

DNA fragments pass through. The radioactivity was measured by

liquid scintillation counter and percentage DNA fragmentation

was calculated as described previously [36].

IL-2 assay

IL-2 in culture supernatant was measured using a commercially

available ELISA (BioSource Int., Camarillo, CA) according to the

manufacturer's instructions. Recombinant murine IL-2 was used

as a standard.

Assay for caspase-3-like activity

Cells (2 � 106) were lysed in 100 m l of extract buffer (150 mm

NaCl, 50 mm Tris±HCl, pH 7´2), 1% NP-40 containing the

protease inhibitors (PMSF, leupeptin, antipain, and pepstatin A)

and centrifuged at 15 000 rev/min for 15 min, and the supernatant

was kept at 2708C. Fifty micrograms of cytosolic extracts were

diluted with 200 m l of dilution buffer (10 mm HEPES pH 7´0,

40 mm b -glycerophoshate, 50 mm NaCl, 2 mm MgCl2, 5 mm

EGTA, 1 mm DTT, supplemented with 0´1% 3-[(3-cholamido-

propyl)dimethylammonio]-1-propanesulfonate (CHAPS) and

100 mg/ml bovine serum albumin (BSA)) and incubated at 308C
for 30 min with 10 mm fluorescent substrate Ac-DEVD-MAC

(Peptide Institute, Osaka, Japan). Release of 7-amino-4-methy-

coumarin (AMC) was measured in a fluorospectrophotometer

with a filter setting of 380 nm (excitation) and 460 nm (emission).

Increase in fluorescence was standardized using free AMC

(Peptide Institute). Values are given as release of AMC in

pmole/min per mg protein.

Assessment of anti-Fas antibody-induced apoptosis in Jurkat cells

Jurkat cells (5 � 105) were seeded into 24-well plates with or

without CH-11. Captopril was added immediately in appropriate

concentrations. Twenty-four hours later, the cells were harvested

and assessed for their cell viability by trypan blue dye exclusion.

Cell surface staining of Fas and FasL

N3-6-71 cells (5 � 105) were cultured in uncoated 24-well plates

or in anti-CD3-coated 24-well plates, in the presence or absence of

captopril. After 5 h of incubation, the cells were harvested and

stained with anti-mouse Fas antibody, Jo2. After being washed

twice, the cells were stained with a secondary FITC-conjugated

goat anti-hamster IgG and analysed using a FACScan (Becton

Dickinson, Mountain View, CA). For staining of cell surface

FasL, the cells were incubated either with anti-mouse FasL

antibody followed by a FITC-conjugated goat anti-hamster

secondary antibody or with only a FITC-conjugated goat anti-

hamster secondary antibody. The cells were analysed with Lysis II

software using a FACScan.
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RESULTS

Captopril blocks activation-induced apoptosis in T cell

hybridomas

Activation of T cell hybridomas through TCR/CD3 complex

results in IL-2 production and cell growth arrest, followed by

apoptosis [28±30]. We first examined whether captopril could

inhibit IL-2 production and activation-induced apoptosis in

murine T cell hybridoma N-3-6-71. As shown in Fig. 1a, after

N-3-6-71 cells were stimulated with immobilized anti-CD3

antibody for 24 h, T cell proliferation was significantly inhibited.

When cell viability was assessed by trypan blue dye exclusion,

extensive cell death was observed in 24-h activation with anti-

CD3 antibody (Fig. 1b). In addition, activation with anti-CD3

antibody induced approximately 50% DNA fragmentation in N3-

6-71 cells (Fig. 1c). As shown in Fig. 1a,b,c, activation-induced

apoptosis was blocked by captopril in a dose-dependent manner,

almost complete inhibition being achieved at 8 mm. Captopril was

found to exert its effect even when added after 3 h of cultivation

(data not shown). Captopril by itself had no effect on T cell

proliferation and cell viability (Fig. 1a,b). When N3-6-71 cells

were activated with immobilized anti-CD3 antibody for 24 h, a

large amount of IL-2 was detected in the culture supernatant of the

T cells (Fig. 1d). IL-2 production in N3-6-71 cells activated with

immobilized anti-CD3 antibody was suppressed in the presence of

captopril in a dose-dependent manner. Thus, captopril prevents

IL-2 production and apoptosis in T cell hybridomas following

activation with anti-CD3 antibody. Similar results were obtained

in the experiments using another T cell hybridoma, 2-45-12 [30]

(data not shown).

Captopril inhibits an enhanced caspase-3-like activity during

activation-induced apoptosis

In the last few years, a family of cysteine proteases termed

`caspases' has been implicated in the effector process of apoptosis

in several systems [37]. Although at least 14 members of the

caspase family have been identified to date, caspase-3 (CPP32/

Apopain/YAMA) is thought to be a key apoptotic enzyme in

mammalian cells for the nuclear changes associated with

apoptosis [38]. Since it has been demonstrated that caspase-3 is

activated during activation-induced apoptosis in T cells [39], we

next prepared cytosolic extracts from T cell hybridoma N3-6-71

cells stimulated with anti-CD3 antibody, and thereafter measured

caspase-3-like activity in the cytosolic extracts using a fluorescent

substrate Ac-DEVD-MAC. Originally, the cleavage of the amino

acid sequence DEVD was attributed to caspase-3 [40], but can

probably be catalysed by several caspases [41]. Therefore, DEVD

cleaving activity is here referred to as caspase-3-like activity. We

previously indicated that DNA cleavage in N3-6-71 cells was

detected after 6±8 h of activation with anti-CD3 antibody [30]. As

shown in Fig. 2, caspase-3-like activity was detected 6 h after

activation with anti-CD3 antibody and increased up to 8 h. The

kinetics of caspase-3-like activity seemed to correlate well with

that of DNA fragmentation in N3-6-71 cells. Captopril (8 mm)

that was able to prevent entirely activation-induced cell death

inhibited the inducible caspase-3-like activity in T cell hybridoma

N3-6-71.

Captopril does not affect anti-Fas antibody-induced apoptotic cell

death in Jurkat cells

Jurkat cells constitutively express high levels of Fas molecules on

their surface and readily die via apoptosis upon cross-linking with

anti-Fas antibody [42]. Therefore, we used Jurkat cells to examine

the effect of captopril on Fas-induced apoptosis. When Jurkat cells

were treated with anti-Fas antibody, a high percentage of cell

death was observed as assessed by trypan blue dye exclusion

(Fig. 3). Captopril showed no or little toxicity when added alone

at the concentrations tested. The addition of captopril that was

able to block activation-induced apoptotic cell death in T cell

hybridoma N3-6-71 cells did not exhibit any significant effects on

anti-Fas antibody-induced apoptosis of Jurkat cells. In our studies,

captopril failed to inhibit anti-Fas antibody-induced cell death,

suggesting that the drug does not affect activation-induced

apoptosis in T cell hybridomas by blocking Fas signalling leading

to apoptosis.

Fig. 1. Captopril inhibits activation-induced cell death and IL-2 produc-

tion in T cell hybridoma N3-6-71. (a) Cell proliferation. N3-6-71 cells

were cultured in control uncoated 96-well plates or in anti-CD3 antibody-

coated 96-well plates (2 � 104 cells/well), in the presence or absence of

the indicated concentrations of captopril. After 24 h, the cells were pulsed

with 3H-thymidine, and harvested after an additional 2 h. Incorporation of
3H-thymidine into cellular DNA was measured in a scintillation counter.

(b) Cell viability. N3-6-71 cells were cultured in control 24-well plates or

in anti-CD3 antibody-coated 24-well plates (5 � 105 cells/well), in the

presence or absence of the indicated concentrations of captopril. After

50 m l of supernatant were removed from each well for the measurement of

IL-2 at 24 h of cultivation, the cells were harvested and cell viability was

determined by trypan blue dye exclusion. (c) DNA fragmentation. 3H-

thymidine-labelled N3-6-71 cells were cultured in control 96-well plates or

in anti-CD3 antibody-coated 96-well plates (2 � 104 cells/well), in the

presence or absence of the indicated concentrations of captopril. Twenty-

four hours later, the cells were harvested and the percentage of DNA

fragmentation was determined as described in Materials and Methods. (d)

IL-2 production. N3-6-71 cells were cultured as described above for 24 h.

Concentrations of IL-2 in the culture supernatant were measured by

ELISA. Mean values of triplicates ^ s.d. of representative experiments are

shown (a, b, c, d). Error bars are less than symbol width when they are not

apparent (a, b, c, d). B, Control; A, anti-CD3.
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Captopril prevents activation-induced Fas and FasL expression

on T cell hybridomas

It has been demonstrated that activation-induced up-expression of

Fas and FasL on T cell hybridomas leads to apoptotic cell death by

Fas±FasL interaction [31±33]. We further examined whether

captopril inhibits activation-induced cell death in N-3-6-71 cells

by interfering with the expression of Fas, FasL, or both on their

surface. The levels of Fas and FasL expression on inactivated

N3-6-71 cells were similar to that on background staining with

secondary reagents only, indicating that inactivated N3-6-71 cells

did not express Fas and FasL molecules on their surface

(Fig. 4a,b). Treatment of N-3-6-71 cells with captopril alone

had no effect on basal levels of Fas and FasL expression. As

expected, an increase in Fas expression on N-3-6-71 cells was

observed after 5 h post-activation with anti-CD3 antibody

(Fig. 4a). Cell surface Fas levels were lower on the cells activated

with anti-CD3 antibody in the presence of 8 mm captopril than on

the activated cells. This partial inhibition was consistently

observed in a number of experiments. Thus, captopril, at the

concentration that completely blocked activation-induced cell

death, moderately blocked Fas expression on the cell surface of

N3-6-71.

FasL was apparently absent on unactivated cells, and rapidly

expressed after 5 h of activation with anti-CD3 antibody (Fig. 4b).

The levels of FasL expressed on unactivated N3-6-71 cells and

those that were activated with anti-CD3 antibody in the presence

of 8 mm captopril were approximately equal. Thus, activation-

induced FasL expression on N3-6-71 cells was significantly

inhibited by captopril. These results suggest that the inhibitory

effect of captopril on activation-induced apoptosis in T cell

hybridomas is due to blocking Fas and FasL expression on their

surface.

Effects of the other ACE inhibitors on activation-induced

apoptosis in T cell hybridomas

Since the action of captopril in activation-induced apoptosis may

be related to the presence of thiol groups in its structure, it was

interesting to examine whether non-thiol ACE inhibitors also

prevent activation-induced apoptosis in T cell hybridoma N3-6-71

cells. N-succinyl-l-proline is known to be a specific inhibitor of

ACE, although its activity is weaker than captopril [43]. Activation-

induced cell death in T cell hybridomas was partially inhibited by

the addition of N-succinyl-l-proline. Additionally, N-succinyl-l-

proline partially inhibited IL-2 production from N3-6-71 cells after

24 h of activation with anti-CD3 antibody (Fig. 5a). On the other

hand, lisinopril (1-carboxyl-3-phenylpropyl-l-lysyl-l-proline) [44]

at concentrations ranging from 5 to 10 mm did not affect activation-

induced apoptosis and IL-2 synthesis in N3-6-71 cells (Fig. 5b).

These results indicate that T cell activation signals were interfered

with partially by N-succinyl-l-proline, but not by lisinopril.

DISCUSSION

It has been reported that captopril inhibits proliferation of canine

renal epithelial cells [12], human neuroblastoma cells [13], lung

fibroblasts [14] and mammary ductal carcinoma cells [15].

Among patients on clinical trials, captopril has been shown to

slightly lower the incidence of death due to cancer [45]. In

addition, captopril is shown to slow the growth of experimental

Fig. 3. Captopril does not inhibit Fas-mediated apoptosis in Jurkat cells.

Jurkat cells were cultured in 24-well plates (5 � 105 cells/well), with or

without captopril. Apoptosis was induced by the addition of anti-human

Fas antibody, CH-11. Twenty-four hours later, cell viability was

determined by trypan blue dye exclusion. Results are expressed as the

mean ^ s.d. of triplicate cultures. Error bars are less than symbol width

when they are not apparent. B, Control; D, CH-11 (50 ng/ml); P, CH-11

(100 ng/ml).

Fig. 2. Captopril inhibits caspase-3-like activity in activation-induced

apoptosis of T cell hybridomas. N3-6-71 cells were cultured in control 24-

well plates or in anti-CD3 antibody-coated 24-well plates (5 � 105 cells/

well), in the presence or absence of 8 mm captopril. At indicated times, the

cells were harvested and the cytosolic extracts were prepared as described

in Materials and Methods. Caspase-3-like activity was determined by

excitation fluorometery of released 7-amino-4-methycoumarin (AMC)

from the cleaved substrate Ac-DEVD-MAC. Results are expressed as the

mean ^ s.d. of triplicate cultures. B, Anti-CD3; W, captopril; A, anti-CD3

1 captopril.
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tumours [46,47]. In contrast to these reports, in our experiments,

captopril did not affect the proliferation or cell viability of

murine T cell hybridomas in 24-h cultivation. The drug also

showed no or little toxicity in Jurkat cells when added alone at

the concentrations tested.

In this study, we showed that captopril inhibited not only IL-2

production upon activation with anti-CD3 antibody, but also

activation-induced apoptosis in murine T cell hybridoma N3-6-71

cells. In addition, captopril inhibited an enhancement of caspase-

3-like activity during activation-induced apoptosis. It has been

recently demonstrated that Fas-induced apoptosis in activated

human peripheral T cells is inhibited by captopril or other thiol

compounds but not by non-thiol anti-oxidants [26]. In addition,

captopril is shown to inhibit Fas-induced apoptosis in human lung

epithelial cell line [27]. Deas et al. [26] concluded that the

inhibition of T cell apoptosis by captopril is the result of

sulfhydryl redox regulation of critical molecules involved in the

apoptosis signalling cascade. In contrast to these reports, we

showed that captopril did not interfere with the signal transduction

events leading from Fas ligation to the apoptotic process itself,

because anti-Fas antibody-induced apoptosis in Fas1 Jurkat cells

was unaffected by treatment with the drug, at the concentrations

that completely blocked activation-induced apoptosis in T cell

hybridomas. Therefore, the results of our experiments suggest that

captopril does not affect activation-induced apoptosis in T cell

hybridomas by blocking Fas signalling leading to apoptosis.

Fas and FasL were virtually absent on unactivated N-3-6-71

cells, but were rapidly induced after activation with anti-CD3

antibody. Our results strongly indicate that captopril blocked anti-

CD3 antibody-induced FasL expression on T cells. Fas expression

on their surface was partially affected by captopril, when analysed

by flow cytometry. Since activation-induced apoptosis in T cell

hybridomas is the result of interaction of de novo synthesized Fas

and FasL, we conclude that captopril inhibits activation-induced

cell death in murine T cell hybridomas predominantly by blocking

Fas and FasL expression and thus preventing their interaction,

leading to activation of the apoptosis program. The actions of

captopril in T cell activation appear to be similar to those of the

popular immunosuppressants cyclosporin A (CsA) or FK506.

These drugs are well known to have inhibitory effects on IL-2

production as well as apoptotic cell death upon activation with

TCR/CD3 cross-linking in T cell hybridomas [28,48]. The

induction of FasL expression by activation with anti-CD3

antibody is completely inhibited in the presence of these drugs.

However, activation-induced cell surface Fas expression on T cell

hybridomas is partially inhibited by these immunosuppressive

drugs. In contrast, anti-CD3 antibody-induced Fas mRNA

expression is unaffected by CsA or FK506. Brunner et al.

suggested the possibility that CsA or FK506 may interfere with

the transport of synthesized Fas to the cell surface [48]. Although

it seems that the signal transduction pathway leading to Fas

expression is different from that of FasL, the mechanism by which

Fas or FasL expression is regulated has not yet been clarified.

Further studies are needed to elucidate the differential modulation

of Fas and FasL expression by captopril.

Calcineurin plays a pivotal role in TCR/CD3-mediated signal

transduction leading to the transcriptional activation of cytokines

such as IL-2. CsA binds to cyclophilin and FK506 binds to FKBP

upon entering T cells [49]. Thereafter, cyclophilin±CsA and

FKBP±FK506 complexes independently associate with calcineur-

in and inhibit its protein phosphatase activity [50]. Calcineurin

modulates the activity of several transcription factors that bind to

the IL-2 promoter, including NF-AT, NF-kB, and AP-1. The

nuclear NF-AT has been shown to bind to the promoter/enhancer

region of the FasL gene and increases its transcription [51]. It is

likely that captopril also interferes with the common target of CsA

and FK506, resulting in prevention of IL-2 production and

apoptotic cell death upon T cell activation.

ACE has been identified as a membrane-bound enzyme in

several types of cells, including lymphocytes and macrophages

[52]. T lymphocytes contain high levels of ACE, approximately

28 times more per cell than monocytes. ACE is not expressed in

B lymphocytes, or at a much lower level than in T lymphocytes.

The biological functions of ACE in T lymphocytes remain largely

unknown. ACE was highly expressed even in T cell hybridoma N-

3-6-71, as examined by Western blot analysis (data not shown).

Fig. 4. Effects of captopril on activation-induced cell surface (a) Fas and (b) its ligand (FasL) expression on T cell hybridomas. N3-6-71

cells were cultured in control 24-well plates or in anti-CD3-coated 24-well plates (5 � 105 cells/well), in the presence or absence of 8 mm

captopril. After 5 h, the cells were stained with anti-Fas antibody (a) or anti-FasL antibody (b), and then stained with a secondary FITC-

conjugated goat anti-hamster antibody. Flow cytometric analysis was performed using a FACScan. These results are representative of a

number of independent experiments.
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ACE has two homologous active NH2- and COOH-terminal

domains and displays activity toward a broad range of substrates.

Captopril is a potent inhibitor of the NH2-terminal domain,

whereas the reverse is observed for lisinopril [53]. Among non-

thiol ACE inhibitors, lisinopril hardly affected activation-induced

apoptosis and IL-2 production in T cell hybridomas. In contrast,

N-succinyl-l-proline inhibited T cell activation signalling to

some extent. Although the binding property of N-succinyl-l-

proline against the two domains of ACE is unknown, N-

succinyl-l-proline is likely to be a potent inhibitor of the NH2-

terminal domain of ACE, because the thiol group of captopril

was replaced by a carboxyl group in N-succinyl-l-proline and

therefore the structure of N-succinyl-l-proline is similar to that

of captopril. If so, the activity of ACE, especially the NH2-

terminal active domain, may be to participate in T cell activation

signals through TCR/CD3 complex, because captopril or N-

succinyl-l-proline inhibited T cell activation signalling, and this

hypothesis is now being tested. Although the inhibitory activity

of captopril against ACE is thought to be stronger than that of

N-succinyl-l-proline [43], the former exhibited strong inhibitory

effects on T cell activation signalling compared with the latter in

this study. The thiol group present on captopril is not only

essential to its ability to inhibit Zn21-dependent ACE, but also

enables the drug to block other enzymes with transition metals at

their active sites [19,20,54,55]. Therefore, we cannot exclude the

possibility that inhibition of metal-dependent enzymes other than

ACE might be responsible for the effects of captopril on T cell

activation.

In conclusion, we showed that captopril blocks activation-

induced apoptosis in T cell hybridomas by interfering with T cell

activation signals, but the mechanism(s) underlying this action is

presently unclear. It has been reported that captopril induces

systemic lupus erythematosus syndrome [56±61]. T cell hybrido-

mas have been used as a valuable model for negative selection

in the thymus and for extrathymic deletion of T cells in the

periphery. Captopril may interfere with clonal deletion and

acquisition of self tolerance in vivo and cause autoimmunity by

interfering with this process.

Fig. 5. Influence of non-thiol angiotensin-converting enzyme (ACE) inhibitors on activation-induced cell death and IL-2 production in

T cell hybridomas. (a) Cell viability. N3-6-71 cells were cultured in control 24-well plates or in anti-CD3 antibody-coated 24-well plates

(5 � 105 cells/well), in the presence or absence of the indicated concentrations of N-succinyl-l-proline or lisinopril. After 50 m l of culture

supernatant were removed from each well for the measurement of IL-2 at 24 h of cultivation, the cells were harvested and then cell viability

was assessed by trypan blue dye exclusion. (b) IL-2 production. N3-6-71 cells were cultured in described above and concentrations of IL-2

in the culture supernatant were measured by ELISA. These results are expressed as the mean ^ s.d. of triplicate cultures (a,b). B, Control; A,

anti-CD3.
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